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Abstract 
The raising global warming concerns, rising oil prices and the increasing electricity demand have led to an acceleration of the 
renewable energy contribution. Due to the fluctuating nature of renewable energy generation, the problem of matching the supply 
to meet the demand has emerged. Therefore, energy storage has become essential to compensate thisfluctuation. The all-
vanadium redox-flow battery (VRB) is a promising and attractive candidate due to its long lifetime and the possibility of 
independent scale-up of nominal power and nominal energy. The present paper presents a VRB model accounting for the 
electrochemical reactions, pump losses, temperature changes within the VRB and aging prediction. The model is applicable for a 
wide range of different VRBs with different nominal power ratings, nominal capacities and different vanadium and sulfuric acid 
concentrations. The modeling results are discussed and proven to be consistent with current research in this field. 
 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of EUROSOLAR - The European Association for Renewable Energy. 
Keywords:VRB; battery modeling; SOC; MATLAB Simulink 
1. Introduction 
Worries about climate change, rising oil prices and the peak oil scenario have led to an increase in renewable 
energy generation. Due to the intermittent nature of renewable energy generation, the problem of matching the 
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supply to meet the demand has emerged [1]. Especially in case of stand-alone electricity generation and small grids, 
where the grid itself cannot provide the balancing of power generation and demand, energy storage has become 
essential to compensate the fluctuations of renewable energies [2]. The all-vanadium redox-flow battery (VRB) is a 
promising candidate for balancing energy supply and demand in such systems [2]. Its long lifetimes and the 
possibility of independent scale-up of nominal power and nominal energy make it attractive for the usage in off-grid 
applications.  
VRBs are electrochemical storage systems which consist of two tanks containing the electrolytes with the redox 
couples ܸʹ൅/ܸ͵൅in the negative and ܸܱʹ൅Ȁܸܱ൅ʹ in the positive half-cell [3].These electrolytes are circulated from 
the reservoirs to the stacks using two pumps in order to enable the main electrochemical reaction at the cells’ inert 
electrode ( [3], [4]): 
 
ܸʹ൅ ֎ ܸ͵൅ ൅ ݁െሺെ ሻ 
ܸܱ൅ʹ ൅ ʹܪ൅ ൅ ݁െ ֎ ܸܱʹ൅ ൅ܪʹܱሺെ ሻ 
 
Modeling is an important tool to predict the behavior of the VRB as input parameters change: It can reduce the costs 
of laboratory testing since prediction can be based on a limited number of tests [5]. 
For a prediction of the aging behavior and the lifetime of a VRB under different environmental conditions, at least 
six input parameters are needed: The temperature of the stack and the tanks, the battery’s SOC, the concentrations of 
V(IV) and V(V)  and the corrosion current. Until now, no multi-physics model exists which is able to determine all 
of these parameters.  
The present paper presents a new VRB model which combines existing models with new approaches in order to 
obtain all input parameters necessary for an aging prediction. The model includes an electrochemical model 
accounting for the electrochemical reactions including three side reactions (൅ evolution, ʹ evolution and 
vanadium diffusion through the membrane), a mechanical model for the pump losses of the VRB, a temperature 
model for the prediction of the temperature changes within the VRB and a VRB control model which determines the 
flow rate of the electrolyteǤ Future work will include an aging model for the VRB. The model is applicable for 
VRBs with different capacities and nominal power ratings.  The VRB model was implemented in MATLAB 
Simulink.  
2. The Multi-physics model  
The multi-physics model consists of five sub-models (Figure 1): The VRB control system determines the flow 
rate of the electrolyte ܳ based on Faraday’s law of electrolysis: 
 
ࡽ ൌ ૛ כ ࢈ כ ࡺ܋܍ܔܔ כ ࢏ሺ࢚ሻࢠ כ ࡲ כ ࢉ܄܉ܖ܉܌ܑܝܕ כ ࡿࡻ࡯ܕܑܖ ൤
ܔ
ܛ൨ 
(1)  
where ܾ is a sign factor which is 1 during charging and -1 during discharging, ݈݈ܿܰ݁  is the number of cells, ݅ሺݐሻ is the 
charging or discharging current as a function of time, z is the number of electrons transferred during the redox 
reaction which is 1 for the VRB, ܿ  is the total vanadium concentration of each tank and ܱܵܥ  is the 
minimum state-of-charge.  
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Figure 1: Overview on the multiphysics model 
 
The mechanical model determines the pump power of the two pumps based on the pressure drop across the 
hydraulic system [6]: 
۾ܘܝܕܘ ൌ ૛ כ
૚
િ۾ܝܕܘ כ ઢܘܛܡܛܜ܍ܕ כ ۿሾ܅ሿ 
(2)  
where ܲ  is the power loss of the two pumps in [W], ߟ  is the pump efficiency, ܳ is the electrolyte flow rate 
in ቂ݉͵ݏ ቃ and ȟ݌  is the pressure drop across the hydraulic circuit in ሾܲܽሿ, which is the sum of the pressure drop 
in the pipes ȟ݌  and in the stack ȟ݌ . The stack power can then be determined based on the battery system 
power ܸܲ ܴܤ  and the pump power:  
ࡼ܄܀۰ ൌ ࡼܛܜ܉܋ܓ ൅ ࡼܘܝܕܘሾ܅ሿ (3)  
The battery system power ܸܲ ܴܤ  is the power which is delivered to the battery during charging or taken from the 
battery for the external load during discharging.  
In the electrochemical model, the power ܲ Ȁ  which is charged or discharged from the battery is 
determined as well as the power losses ܲ  due to the three side reactions (the losses due to the flow of 
vanadium ion diffusion, the losses due to ʹ evolution and due to ൅evolution):  
ܲ ൌ ܲ Ȁ ൅ ܲ  ሾሿ (4)  
The stack voltage can be described by the equilibrium voltage ܧܧݍ  and the sum of overpotentials:  
܃ܛܜ܉܋ܓ ൌ ۼ܋܍ܔܔ כ ሺ۳܍ܙ െ િ܉܋ܜ െ િ܋ܗܖ܋ െ િܗܐܕ െ િܑܗܖܑ܋ሻሾ܄ሿ (5)  
where ܰ  is the number of cells per stack that are connected in series, ܧ is the equilibrium voltage in ሾሿ, ߟܽܿݐ  is 
the activation overpotential necessary to sustain the rate of the electrochemical reaction in ሾሿ, ߟ ሾሿis the 
concentration overpotential due to concentration differences between the bulk electrolyte and the electrolyte surface 
and ߟ  and ߟ ሾሿare the ohmic and ionic overpotential due to the electrical resistance of the electrodes, bipolar 
plates, current collector plates, the electrolyte and membrane [4]. 
The battery state of charge is determined as the minimum of the vanadium concentrations in the two half-cells:  
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ܱܵܥ ൌ ൭ቆ ܸܿሺܫܫሻܸܿሺܫܫሻ ൅ܸܿሺܫܫܫሻቇ  ǡቆ
ܸܿሺܸሻ
ܸܿሺܫܸሻ ൅ ܸܿሺܸሻቇ൱ ሾെሿ 
(6)  
where ܿ݅  are the concentrations of the different vanadium species in ቂ ቃǤ 
The concentration changes of the different vanadium species due to the diffusion of vanadium ions through the 
membrane can be described by the following equation:  
݀ܿ݅
݀ݐ ሺݐǡܶሻ ൌ ቆט
݅ כ ܣ
ܨ െ
ߙܫܫ݅ כ ݇ʹሺܶሻ כ ܿܫܫ כ ܵ
݀ െ
ߙܫܫܫ ݅ כ ݇͵ሺܶሻ כ ܿܫܫܫ כ ܵ
݀ െ
ߙܫܸ݅ כ ݇Ͷሺܶሻ כ ܿܫܸ כ ܵ
݀
െ ߙܸ݅ כ ݇ͷሺܶሻ כ ܸܿ כ ܵ݀ ൰ כ
ͳ
ܸ݄ ൤

Ϳ ൨ 
(7)  
 
where ܿ݅  with ݅ ൌ ܫܫǤ Ǥܸ are the concentrations of the vanadium species in ቂ ቃ ǡ ݇݅  with ݅ ൌ ʹǤ Ǥͷ are the temperature 
dependent diffusion coefficients of the different vanadium species in ቂʹ ቃ , ܸ݄  is the volume of one half-cell 
solution ሾሿ, ݅ is the current density in ቂ ቃ, ܣ is the electrode surface area in [;ሿǡܨ is the Faraday constant which 
is 96 485 ቂ  ቃ ǡ݀ is the thickness of the membrane in ሾሿ and ܵ is the membrane area in ሾʹሿ. The signs Ǯ ൅ ǯ 
and Ǯ െ Ǯ stand for the process of charging and discharging. 
The hydrogen model determines the hydrogen evolution current ܫܪʹbased on the coulombic efficiency ߟܸሺܫܫܫሻെܸሺܫܫሻ, 
which is a function of the polarization potential, the sulfuric acid concentration and V(III) concentration:  
ܫܪʹ ൌ ൫ͳ െ ߟܸሺܫܫܫሻെܸሺܫܫሻ൯ כ ܸܫ ሺܫܫܫሻെܸሺܫܫሻሾܣሿ (8)  
In this equation, ܸܫ ሺܫܫܫሻെܸሺܫܫሻ is the current for the conversion of V(III) to V(II) during charging. The coulombic 
efficiency ߟܸሺܫܫܫሻെܸሺܫܫሻ at different polarization potentials, sulfuric acid and V(III) concentrations can be determined 
using the data from a systematic investigation published in [7].  
The corrosion current model is used to set the right voltage limits (in order to prevent corrosion). It is based on 
measurements published in [8]. The current can be described by the following equation:  
݅ ൫ݐ ǡ ܧ ǡ ܧ൅൯
ൌ
ۖە
۔
ۖۓ Ͳǡ݂݋ݎݐ ൑ Ͳ ׫ ܧ൅ ൏ ܧ
݅ ǡ ൅ ݐ כ ቆ
݅ ǡ െ ݅ ǡ
ݐ ǡ ቇ ǡ ݂݋ݎͲ ൏ ݐ ൏ ݐ ǡ ת  ܧ
൅ ൒ ܧ
݅ ǡ ǡ݂݋ݎݐ ൒  ݐ ǡ ת  ܧ൅ ൒ ܧ
 
 
(9)  
where ݐ  is the polarization time [s], ܧ൅  is the positive electrode potential,݅ ǡ   is the initial corrosion 
current density (the corrosion current density at the moment at which the corrosion process starts) [A/m²], ݅ ǡ is 
the maximum value of the corrosion current density and ݐ ǡ  is the polarization time [s], after which the 
maximum value of the corrosion current density is reached. 
The initial corrosion potential ܧ [V] is based on measurements published in [8], while for the initial corrosion 
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current density, its maximum value and the timeݐ ǡ , can then be described by the following equations which are 
based on the measurements in [8] as well:  
 
݅ ǡ ൌ ͲǤͲʹͷ

ʹ כ ʹ
ܧ݌݋݈ െͳǤ͹ͷܸ
ͲǤͲͷܸ ൤ ʹ൨ 
(10)  
݅ ǡ ൌ ͲǤͳͶͶ

ʹ כ ͳǤͳʹͷ
ܧ݌݋݈ െͳǤ͹ͷܸ
ͲǤͲͷܸ ൤ ʹ൨ 
(11)  
ݐ ǡ ൌ ͹ʹͲͲݏ כ ʹ
ܧ݌݋݈ െͳǤ͹ͷܸ
ͲǤͲͷܸ ሾሿ (12)  
The temperature model determines the stack temperature ܶݏ [K] and tank temperature ܶݐ ሾሿ based on the law of 
energy conversation [9]:  
ۏ
ێ
ێ
ێ
ۍ݀ ܶݏ݀ݐ
݀ ܶݐ
݀ݐ ے
ۑ
ۑ
ۑ
ې
ൌ
ۏ
ێێ
ێێ
ۍെ ܳ
ܸ
כ ʹ ܳ
ܸ
כ ʹ
ܳ
ܸ
െ ܳ
ܸ
െ ܷܣܥ݌ כ ߩ כ ܸ ے
ۑۑ
ۑۑ
ې
כ ൥
ܶݏ
ܶݐ
൩ ൅ ߚ ൤൨ 
 
(13)  
Where: 
ߚ ൌ
ۏ
ێێ
ێ
ێ
ۍ ܫ; כ ܴܥ כ ߩ כ ܸ
ܷܣ כ ܶܥ כ ߩ כ ܸ ൅
ͳ
ܥ כ ߩ כ ܸ ሺ ܲ െ ܲ ሻے
ۑۑ
ۑ
ۑ
ې
൤൨ 
 
(14)  
 
and ܶ  [K] is the air temperature, ܫ; כ ܴ ሾሿ is the heat generation due to charging or discharging ܲ  and 
ܲ  [W] are power for the battery heating and cooling,  Q is the electrolyte flow rate [m³/s], ܸ  is the volume 
of the stack [m³], ܥ  is the heat capacity of the electrolyte ሾെͳെͳሿǡߩ is the electrolyte density ሾെ͵ሿǡ ܸܶ ܽ݊݇  is 
the volume of the one VRB tank [m³] andܷܣ is the heat transfer through the tank wall ሾܹܭെͳሿǤIt is assumed that 
the flow rate of the positive and negative electrolyte is equal (ܳ ൌܳ൅ ൌ ܳെ) as are the temperatures in the tanks on 
the positive and negative side ( ܶݐ ൌ ൅ܶ ൌ െܶ), the volumes of the tanks (V_t=V_+=V_-) and the heat transfer of the 
tanks (ܷെܣെ ൌܷ൅ܣ൅). 
3. Results and Discussion 
 
The vanadium redox flow model is integrated into a model for an off-grid PV- wind- diesel battery hybrid system to 
supply the energy to a 3 kW telecommunication base station. Detailed information about the system can be found in 
[10]. 
The resulting flow rate and the mechanical pumping power vary with VRB system power. The mechanical pumping 
power ܲ  is shown in Figure 2. It is in the range lies between 2 and 6% of the VRB power. This is consistent 
with the statements of Skyllas-Kazacos and co-workers, who assume that 2-3% of energy losses within the VRB are 
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expected to be due to pumping the electrolyte. However, if the battery is operating at low power or is charging at 
high SOC or discharging at low SOC, higher power losses are expected [11]. 
 
 
Figure 2: Mechanical power for the pumping of the electrolyte over a simulation period of one week 
At the beginning of the simulation, the battery is fully charged and is then cycled several times. The resulting stack 
current is shown in Figure 3. The figure demonstrates that the battery is charged and discharged according to the 
fluctuating power provided by the renewables, and discharged according to the requested power by the load. 
 
Figure 3: Stack current simulated over a period of one week 
 
This current profile leads to repeated charging and discharging which can be seen in Figure 3. The battery’s 
maximum state of charge (ܱܵܥ ) is set to 100%, the minimum state of charge (ܱܵܥ ) to 5%. Figure 4 illustrates 
that the VRB is usually not entirely charged through the PV panels and wind turbine as their power production is 
fluctuating.  
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Figure 4: The VRB’s state of charge over a period of one week 
 
During charging and discharging, heat is generated. The charge resistance for the stack of 39 cells is ܴ ൌ
ͲǤͲͷͳͷߗ, while the discharge resistance is ܴ ൌ ͲǤͲͷͷͷߗǤ 
Figure 5:  shows the voltage of the stack, which varies between 25.74 V and 78 V. The major voltage drops which 
can be seen in the figure are due to overpotentials during charging and discharging, mainly the ohmic overpotential.  
 
Figure 5: The stack voltage of the 39-cell stack over a period of one week 
 
The voltage of one cell then varies between 0.67 V and 2.0 V. This is accordance with the experimental 
measurements and analytical determination of the cell voltage presented by Shah et. al. Their measurement of cell 
voltage varies between 0.6 V and about 1.9 V.  
The equilibrium potential varies between the voltage of 1.2 V and 1.48 V depending on the vanadium concentration. 
This result is similar to the values published in [13], [5] and [4].  
The results of the model for the Vanadium ion diffusion through the membrane are shown in Figure 6 for a 
simulation period of 300 hours. The figure demonstrates that per 10 minutes the concentration of the different 
vanadium species changes in the range of ͳͲെ͵Ǥ 
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Figure 6:  Change in the concentration of the different vanadium species per 10 minutes 
 
The temperature is simulated over a period of one year. The results are shown in Figure 7. The stack and tank 
temperature varies between ͳͲι and ʹ͸ι. The lower limit of the temperature is set to ͳͲι. Due to the heating of 
the tanks electrolyte, the temperatures do not fall below this limit despite the cold air temperature during winter 
time. The tank temperature is slightly lower than the stack temperature which cannot be seen in the figure below due 
to the proximity of both values. This proximity exists because the flow rate is high.  
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Figure 7: The temperature of the stack and the tanks over a period of one year 
Figure 8 shows the power needed for the heating of the electrolyte over a period of one year. The heating is 
necessary to assure that the electrolyte temperature does not fall below a minimum temperature of ͳͲι despite the 
low temperatures during winter time. 
 
Figure 8:  The heating power of the VRB over a period of one year 
1 Conclusion and Outlook 
The all-vanadium redox flow battery (VRB) is a promising candidate for balancing power generation and demand in 
autonomous electricity generation systems [5]. Modeling is an important tool to predict the VRBs behavior over 
extended periods of time based on a limited amount of laboratory tests [5]. Until now, no multi-physics model which 
captures the VRBs behavior over extended periods of time has been developed.  
Therefore, a multi-physics VRB model has been developed and presented in this paper which takes into account 
most physical and chemical effects occurring in the VRB in order to allow for meaningful predictions of the 
batteries behavior in various applications. Among the effects taken into account in this model are the mechanical 
losses of the pumps and the electrochemical reactions in the stack including side reactions such as the hydrogen 
evolution, ʹevolution or vanadium cross-over through the membrane. Furthermore, the model takes into account 
the temperature changes within the battery due to varying environmental air temperatures and heat generation in the 
stack. The model is applicable to VRBs of different energy and power ratings, membranes, and SOC limits. 
The proposed model is simulated and the results are presented. The presented results demonstrate that the model is 
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able to predict aspects of VRB behavior included in the model well in comparison to the simulation and 
experimental results published by other groups.  
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